Abstract
smell sensor. In 1964, Wilkens and Hartman [2] developed a smell detector where an array of eight electrochemical sensors was used.
The first intelligent electronic smell sensing systems appeared in late 1980's. Gardner [3] used pattern recognition techniques to discriminate the output of electronic smell sensors. Hatfield et al [4] described an integrated circuit based device that performs data acquisition from a miniature array of 32 conducting polymer gas sensors. David and Gardner [5] designed a circuit capable of measuring signals from arrays of resistive and piezoelectric sensor types in the same board. Chueh and Hatfield [6] presented a sensor electronics circuit coupled with a hand-held computer that allows real-time field measurement of gas smells.
Miwa et al. [7] built a robot head that displays a reaction in the presence of some smells (e.g., alcohol and cigarette smoke). The sensor array comprises only 4 metal oxide gas sensors. The recognition algorithm uses a look-up table that contains sensor outputs and their derivatives. Mizsei and Ress [8] developed a system that converts the output signals of a gas sensor array into pixel elements displayed as a 2-D image. The sensor electronics is based on a scanning version of a vibrating capacitor (Kelvin probe). The sensor array comprised of several receptors material strips on a ceramic subtract that are asymmetrically heated.
The smell detection systems described above employ different approaches to sensor electronics, feature extraction and data processing techniques. These systems have primarily been developed for chemical industry to detect gases such as butane, methanol, toluene, ethanol, ethylene, propane, isopropyl alcohol, hydrogen, ammonia and chloroform. Some of them are toxic and some of them have no smell at all. These systems typically cost several thousand dollars, and are not appropriate for multimedia environment.
In this paper, we present the design of a low cost electronic nose (EN) that can be employed in a multimedia environment. The EN proposed in this paper has four subsystems: delivery system, sensor array chamber, sensor electronics, and data processing. The organization of the paper is as follows: Section II presents a brief description of the human olfactory system and Section III presents a review of smell sensors. The proposed system is presented in Section IV. The performance evaluation and conclusions are presented in sections V and VI.
II. THE HUMAN OLFACTORY SYSTEM
A major difficulty in developing an EN is that the human olfactory system (HOS) is not as well understood as the human visual and auditory systems. A brief review of the smell perception process, and a few selected smell classification systems are presented below.
A. The process of smell perception
The HOS consists of three main parts (see Figs 1 and 2): a receptor layer and two gross structures (the olfactory bulb and the prepyriform cortex). Although there are other identifiable parts in the system, these three parts are primarily responsible for transmitting smell signals from the sensory transducers to the forebrain systems controlling motivated behavior.
When smells enter the nose, they follow a hairpin-like turn at the top of the nasal cavity. The mucosa contains the primary olfactory nerves that consist of a large set of axons arranged in parallel. The axons diverge but terminate on the surface of the olfactory bulb where there is a layer of glomeruli.
When a smell excites a neuron, the signal travels along the axons and is transferred to the neurons in the olfactory bulb, then travels through different layers until it is outputted from the lateral olfactory tract. The olfactory bulb is located in the front of brain and from it smell signals are both relayed to brain's higher cortex (which handles conscious thought processes) and limbic system (in central nervous system which generates emotional feelings). This makes it possible for smells to evoke powerful emotional responses as well as convey factual information.
It is known that a typical HOS contains several millions receptors of approximately 1000 different types. These receptors together can detect up to 5,000 different smells with 98% accuracy. Human smell detection is based on a combinational scheme where a different number and type of smell receptors are activated in the presence of a particular smell. As a result, small changes in the chemical structure of a gas will activate a different combination of receptors. That is why octanol smells like oranges, while a similar compound, octanoic acid, smells like sweat. It has also been found that large amount of a chemical affect larger number of receptors, which may change the smell perceived from this chemical. In other words, a small amount of chemical might smell flowery while a large amount of the same chemical might smell putrid.
B. Smell Classifications
Unlike the human visual system that has 3 types of cone cells (to detect three primary colors: red, green, and blue), there is no evidence of primary smells detected by the HOS. Hence several smell classifications have been proposed to group smells into different categories for industrial applications and scientific research.
Linnaeus proposed one of the earliest smell classifications in 1752. He grouped smells into seven classes (see Table I ) based on their appeal. Zwaardemaker's classification, made in 1895 expanded Linnaeus's classifications to include two more classes (see Table I ).
In 1923, Lovell proposed another smell classification (see Table II ) where smells were divided into eight groups based on smell sources. Although this classification is incomplete, it meets the requirements of most consumers such as beekeepers, agriculturalists and naturalists.
The classifications mentioned above are neither detailed nor complete enough to cover most commonly occurring smells.
Several classifications, mostly from the standpoint of perfumery, have been developed in the last few decades. There are individual differences in human smell perception and the debate on the right classification will continue. However, for the multimedia applications, classification of smells into 50- Linnaean (first seven classes) and Zwaardemaker (all nine classes). Urine, putrid fish 200 groups will be easily manageable, while achieving a reasonably good accuracy.
Fig. 1. Schematic of a Human Olfactory System

III. SMELL SENSORS
Several sensors have been developed to detect various smell producing gases. However, most of these gas sensors have been developed for environmental pollution control and safety applications. To the best of author's knowledge, there is no existing development of smell sensors primarily targeted for multimedia applications.
Gas sensors are generally developed with materials whose properties also change when exposed to smell producing gas or liquid. The following properties can be exploited in smell detection [10] :
-Capacitance -Mass difference -Frequency dependent optical absorption or reflection -Voltage, temperature and frequency dependent conductivities and complex impedances -Frequency dependent electrochemical potential differences and currents.
Several materials are used in the fabrication of sensors and these include metals, semiconductors, ionic compounds, and organic compounds such as enzymes and polymers. Table III shows various types of materials typically used for smell sensors.
For gas sensing applications, semiconductor and metal sensors are in widespread use [11] . P-type semiconductor is effective in sensing oxidizing gases whereas some n-type semiconductors are used to detect gases like hydrogen and methane. The molecular arrangements of semiconductor sensors include heterostructure, mesostructure and the Schottky diode arrangement.
The metal-oxide semiconductor (MOS) based sensors are also very popular because of their lower cost. Olaffsson et al [12] used 4 MOS sensors to determine the freshness of fish (cod, haddock). Tan et al [13] used 6 MOS sensors to discriminate various kinds of sausage meats. Aishima [14, 15] applied 6 MOS to discriminate café arabica and café robusta and also to discriminate various types of alcoholics drinks. Gardner et al [16] applied 12 MOS sensors to discriminate between different blends and roasts of coffee. The semiconductor-based gas sensors are manufactured using microtechnology and such sensors have several advantages over other bulky sensors, such as high productivity, low cost and low power consumption [11] . Note that most gas sensing materials have a narrow sensing range for gases. Hence many systems designed to detect more than one smell producing gases use an array of microsensors.
IV. PROPOSED SYSTEM
In this section, we present our proposed EN system. Note that the goal of the proposed EN is to detect and discriminate among a sub-set of natural occurring smells from common items such as foodstuffs, beverages, plants, perfumes and essential oils. The natural occurring smells are complex mixture of single odorant molecular species. The smell we perceive is the result of the combined impact of the mixture. Coffee aroma, for example, is formed by more than 600 different classes of odorous chemical compounds that include alcohol, acids, amines, esters, hydrocarbons and more [3] .
The schematic diagram of the proposed EN is shown in Figure 3 . The EN comprises four basic modules: delivery system, sensor chamber; sensor electronics, data processing module. The function of each block is explained in the following.
A. Smell Delivery System
The delivery system brings the smell (gas) samples into the sensor chamber. The delivery can be manual or automatic. A manual delivery method may use a syringe to directly inject the sample into the sensor chamber and stir the air inside with a little motor driven fan in order to guarantee a uniform mix. However, this delivery approach is time consuming, and may not very precise. An automatic delivery system may use an automated pump with flux volume, speed control and humidity and temperature regulation to guarantee repeatability and to minimize sensor's response drifting. We use a cleaning cycle before and after each sampling where clean air is pumped in order to reduce sensor's poisoning with previous samples.
In this paper, the delivery system consists of a small suction fan (driven by a motor) acting like a pump. Before sampling, the previous gas samples are pumped out of the chamber. This pump then creates a vacuum that sucks in the smell gas from the surrounding into the sensor chamber. When sufficient gas samples are pumped in (measured by the gas pressure) the chamber is closed, and sensor electronics start its operation. The structural design of the smell delivery system is very simple, yet effective.
B. Sensor Array
The sensor array is the most critical part of the EN. As discussed in section III, several types of smell sensors are Figaro sensors have also been used in industrial applications, such as detectors of combustible and odorless toxic gases. It has been found that many of these sensors are also sensitive to volatile vapors from organic compounds and solvents, food, alcohols, and some toxic gases that are found in nature. Figaro sensors are also capable of detecting non-natural smells such as cigarette smoke, and gasoline and diesel exhaust. These gases are also part of our everyday life. Detection capability of these smells will enrich the perception of reality in a multimedia application.
Although there is a large number of Figaro sensors, we choose eight sensors as shown in Table IV . The column-3 of Table IV shows the smells to which the individual sensors react most. It is observed that these sensors together cover a wide range of natural and synthetic smells.
Sensors TGS 826 and TGS 825 are chosen because of their high sensitivity to fishy and sulfurous smells, respectively. These sensors have a very specific and narrow smell detection range. The sensor TGS 822 is sensitive to a narrow range of smells that include wood fermentation and alcohols.
The sensor TGS 2602 has high sensitivity to various odorous gases and volatile organic compounds. Its smell space overlaps the smells detected by the above-mentioned sensors (ammonia, sulfur, alcohols and wood fermentation smells). We expect that the wide smell range of sensor TGS 2602 will complement the information gathered by the data processing module improving the characterization of a given smell.
The sensor TGS 2610 is chosen because its sensitiveness to hydrocarbons in general. The smell that we perceive from ripe fruits is the combined effect of volatile organic compounds emitted during the ripening process [18] , especially hydrocarbon derivative groups like propanol and butanol.
The sensors TGS 880 and TGS 883T are chosen because they are sensitive to volatile and water vapors that are produced by food while cooking which are smells occurring commonly in daily life.
Sensor TGS 2201 targets smell produced in city streets and bars (e.g., gasoline and cigarettes smoke) that are commonly occurring smells in everyday life.
C. Sensor Electronics
The sensor electronics measures the change in parametric values of the sensor properties in response to the smells. More than one property (e.g., conductivity, and capacitance) can be chosen to measure the response of a sensor. In this paper, we measure the change in conductance of the MOS sensors. A voltage divider between the sensor changing resistance and a well-known reference resistance serve as a simple primary sensor transducer. The changes in the voltage across the reference resistance are captured using a 10-bit 8 channels AD converter.
Figaro sensors come along with an encapsulated heating circuit. The manufacturer recommendation is that a constant voltage (5 volts DC) be applied to the heating circuit when measuring the sensors response. At constant voltage these sensors are expected to detect a wide range of smells. However, to improve the performance further, we propose to measure the response of sensors to smell at different temperatures [19] . This can be done by changing the magnitude and frequency of the heating voltage.
D. Data processing module
Several data processing techniques have been developed [3] , [20] in order to discriminate between various smells, between different concentrations of same smell as well as to identify smell components in a specific blend. The quantitative techniques typically use multiple linear regression and partial least square method. The statistical pattern analysis techniques, on the other hand, generally use principal component analysis, discriminant function analysis, and canonical correlation analysis. Several neural network based pattern recognition techniques, such as back propagation, radial basis function, and Kohonen self-organizing map have also been applied. Adaptive techniques such as adaptive resonance theory and genetic algorithms have also been seen to provide good performance.
Most common implementations of the data processing subsystem use neural network algorithms. Back propagation neural networks are one of the most used paradigms for pattern Irritating and suffocating smells recognition of smells in EN. The neural network has been reported to provide a high accuracy in the discrimination among various smells [20] . It can also be implemented directly in hardware to increase the speed of the data processing module.
In this paper, we use a neural network paradigm for our EN system. We feed the neural network with the sensor responses in time domain and the spectral components extracted by applying Fourier and/or Wavelet transforms [21] .
Note that larger smell-space representations can be obtained if a large number of features are fed into the data processing module. One approach to get large number of features is to have multiple types of sensors together in one single sensor array. Another approach to increase the smell-space representation of an EN is to extract more than one parameter per sensor [10] .
There are several ways of representing the output of the data processing unit. The sensor outputs can be plotted using bar graphs and polar plots. The output can also be represented using a 2-D color map. In this paper, we use a simpler numbering system along with a look-up table. Here a smell is represented by a number in the range [0, 100], which can be decoded easily using the look-up table. This representation system is suitable storage and transmission of smell information over a network.
V. PERFORMANCE EVALUATION
Several factors should be considered when designing and implementing a low-cost EN system. Detection time, power consumption and portability are important if the ultimate goal is to design a system that is able to record information synchronized with the video and surround sound in a mobile environment. The selected sensors and the data processing technique are also crucial factors to achieve a superior performance. The system proposed here is the first step towards this goal and some of the factors that could hold it back from being successful are discussed below.
A. Smell Sensors
The selection of responsive smell sensors is the first step towards the design of the EN system. An EN system for multimedia applications is not required to be highly discriminative (i.e., be able to differentiate between two similar smells) but it should be responsive to many natural or synthetic smells and be also able to classify them into the groups or classes defined by the classification system used by the system. The responses of the proposed sensors are shown in Figs. 4 and 5. Figure 4 shows the response of six of the selected sensors to the lemon essential oil. This oil is commercially available in body shop stores. Figure 4 shows how the sensors respond when presented to the headspace formed in a bottle of rum.
The smell pump was active in both cases for only 30 seconds, inhaling the smell. After a waiting interval of 80 to 100 seconds the smell pump was activated again but in reverse (to exhale the smell) for about 60 seconds. Note that the cleaning cycle is longer than the smelling cycle. This is because the smell has to be extracted first and then fresh air has to be pumped-in to clean the sensors. The sensors need to combine with oxygen in order to recover their baseline steady state resistances. In the examples shown, it is evident that the falling edges of the responses are smoother for lemon than for rum. This is probably because the vapors from rum are more volatile than the vapors from the lemon essential oil.
It is observed from 
B. Timing considerations
Changes in the smell information that humans perceive are slow compared to sound and video. Note that smell is generally airborne and carried by molecules released from an odorous substance. Its direction and speeds depends on air currents and air temperature. In addition, the smell sensors usually have slow response times. The detection of a smell can require between 2 to 10 minutes depending on the sensor type. The MOS smell sensors need 30-120 seconds to reach a steady state resistance and the corresponding baseline recovery time including the cleaning cycle is of about 3 minutes. These slow response times could present a problem for the synchronization of smell with video and audio in a multimedia environment.
C. Power consumption
Multisampling automated smell delivery systems involve pumping, opening or closing electromechanical valves and physical movement of a set of vials loaded with the smell samples. Simple automated delivery systems still need pumps and electromechanical valves to inhale the smell and to clean the sensors after each sampling cycle. These electrical subsystems together consume more than 50% of the total energy needed to power the electronic nose.
Another factor to consider is the high temperature operating point of gas sensors. It can be a critical factor in designing a portable EN due to the increased power consumption.
D. Portability
The delivery system, in most cases, determines the portability of an EN. The size of sensors array is also a decisive factor. Sensor arrays can be made using individual physical units (i.e., individual sensors) or the entire array can be inserted in only one semiconductor plate. Reduction in power consumption and sampling times can be achieved with the miniaturization of the entire sensor array in one plate. This is because less volume of gas and less heating power is needed for smaller sensing surfaces. When the sensing area in contact with the odorant is smaller, the kinetic interaction stabilization time and base recovery time are faster. However, the implementation of these miniature sensors is expensive because mass production technology for "all in one" sensors array is not mature yet.
E. Cost analysis of the proposed system
The circuit and other hardware components proposed in this paper can be obtained off-the-shelf. It is estimated that the overall cost will be less than US $400 (as of 2003). However, the price will come down significantly if the ENs are produced in bulk. The cost of the software development is difficult to estimate, but once developed, it can easily be replicated at little cost.
VI. CONCLUSIONS
In this paper, we presented a comprehensive review of existing smell detection systems, gas sensing materials and their properties. We selected a subset of eight commercially available off-the-shelf gas sensors that cover a large gamut of common smells ranging from pleasant to fouls smells. Sensing electronics system has been proposed to extract a large number of features in order to characterize each sampled smell. These features are analyzed using signal processing techniques such as neural networks.
The EN proposed in this paper was conceived for the consumer electronic market attempting to integrate the largely absent smell medium, into modern multimedia systems. It can also be used in other environments such as food, beverages, and textile industries for process monitoring and quality control. Home applications such as control of cooking and monitoring of gas leaks or to detect foul smells and smoke from potentially dangerous sources. Finally it is applicable in any other area where aroma, smell or the release of volatile is a characteristic feature of the product under observation.
